There are many enzymes that are relevant for making rare and valuable chemicals that 4 while active, are severely limited by thermodynamic, kinetic, or stability issues (e.g. 5 isomerases, lyases, transglycosidase etc.). In this work, we study an enzymatic reaction 6 system − Lactobacillus sakei L-arabinose isomerase (LsLAI) for D-galactose to D-tagatose 7 isomerizationthat is limited by all three reaction parameters. The enzyme has a low 8 catalytic efficiency for non-natural substrate galactose, has low thermal stability at 9 temperatures > 40 °C, and equilibrium conversion < 50%. After exploring several strategies 10 to overcome these limitations, we finally show that encapsulating the enzyme in a gram-11 positive bacterium (Lactobacillus plantarum) that is chemically permeabilized can enable 12 reactions at high rates, high conversion, and at high temperatures. The modified whole cell 13 system stabilizes the enzyme, differentially partitions substrate and product across the 14 membrane to shift the equilibrium toward product formation enables rapid transport of 15 substrate and product for fast kinetics. In a batch process, this system enables 16 approximately 50 % conversion in 4 h starting with 300 mM galactose (an average 17 productivity of 37 mM/h), and 85 % conversion in 48 h, which are the highest reported for 18 food-safe mesophilic tagatose synthesis. We suggest that such an approach may be 19 invaluable for other enzymatic processes that are similarly kinetically-, thermodynamically-20 , and/or stability-limited.
D-Tagatose is a rare ketohexose sugar with sweetness similar to that of sucrose. However, rates ( Fig. S3 ). At 50 °C the ratio of forward to reverse initial reaction rate for encapsulated LsLAI was 1.8 whereas for the pure enzyme, the ratio was more unfavorable at 0.7. While 156 encapsulation was shown to provide thermal stability and a thermodynamic advantage, it 157 imposes a kinetic penalty due to transport limitations across the cell membrane. To test this, 158 we measured initial whole-cell activity under a range of induction levels to determine the 159 maximum achievable activity and compared the whole-cell activity to that of the cell lysate 160 at the same conditions. Strain I produced the maximum amount of tagatose (1.5 mM) in 2 h 161 at inducer concentrations ≥ 5 ng/mL ( Fig. 3c ), indicating that this represented that the 162 system is at maximum reaction rate under all these inducer levels. Conversely, lysate of 163 cells induced at 5 and 25 ng/mL inducer conditions generated approximately 4-fold greater 164 tagatose than that of the equivalent whole-cell catalysts in the same 2 h interval. This 165 supports the idea that cellular encapsulation limits reaction kinetics.
166
Permeabilizated cells overcome all three barriers. 167 Seeking to overcome the transport-limited whole-cell production of tagatose, we 168 investigated the use of permeabilization surfactants − Triton X-100 and SDS. Following the 169 same optimized protocol as previously reported for permeabilization of L. plantarum with 1 170 % Triton X-100 27 , we observed a 4.2 ± 0.1 fold increase in tagatose production as 171 compared to untreated cells under the tested conditions ( Fig. S4a) . We assessed the ability 172 of 0.005 % -0.5 % SDS to permeabilize encapsulated LsLAI cells and enhance tagatose 173 production. Our results showed the optimal concentration of SDS that enhanced tagatose 174 production via cell permeabilization while still retaining LsLAI intracellularly to be 0.01 % 175 (Fig. S4b ). Tagatose production was enhanced 5.7 ± 0.1 fold after permeabilization with 0.01 % SDS, greater than that of treatment with 1% Triton X-100 under the tested 177 conditions. Additionally, this concentration of SDS is below the critical micellular 178 concentration (CMC = 0.24 -0.26 % at 35 -40 °C) therefore producing minimal frothing 179 as compared to 1 % Triton X-100, the CMC of which is reported to be 0.05 % 33 . Although 180 SDS is commonly used to denature proteins, low concentrations of SDS (0.001 -0.005 %) 181 have been previously used to permeabilize E. colialbeit less successfully than with 182 CTAB (cetyl trimethylammonium bromide) and Triton X-100 34 . 183 To further understand the effect of SDS-treatment on cell permeability, we measured the 184 fluorescence generation rate using 5-carboxyfluorescein diacetate (cFDA) as a substrate. 185 cFDA is an uncharged ester that becomes fluorescent upon hydrolysis by abundant and 186 nonspecific intracellular esterases. Hydrolysis also results in entrapment of the fluorescent 187 dye in the cytoplasm, unless the membrane has been damaged. The rate of generated 188 fluorescence serves as a proxy to determine substrate transport rates assuming hydrolysis 189 rates are higher than transport rate. Wild-type L. plantarum treated with 0.005, 0.01, and 190 0.05 % had 1.6-, 3.0-, and 3.4-fold increase in substrate transport rates compared to 191 untreated cells ( Fig. S5 ). SDS concentrations > 0.5 % resulted in fluorescence leakage, a 192 sign of damaged cell membrane that may also be expelling other cytoplasmic content.
193
These data suggest that the treatment with 0.001 % SDS maintains cellular integrity while 194 increasing tagatose synthesis rate due to a decreased kinetic penalty presented upon 195 encapsulation.
196
Finally, we monitored the tagatose production with different LsLAI preparations at high 197 loading (OD600 = 40 or equivalent 0.6 mg/mL LsLAI) in batch processes starting with 300 mM galactose. Consistent with our initial experiments, the pure enzyme preparation was 199 limited to 39 ± 2.3 % conversion after 48 h at 37 °C ( Fig. 4 ). Increasing the temperature of 200 the reaction to 50 °C allowed for high initial production of tagatose; however, the enzyme 201 denatured quickly reaching a maximum conversion of only 16 ± 2.8 %. Bacterial 202 encapsulation of LsLAI produced 47 ± 3.3 % tagatose at 37 °C, improvement over the 203 pure-enzyme system. Encapsulation also provided thermal stability to the enzyme allowing 204 for sustained activity at 50 °C increasing both the rate of production (46 ± 2.3 % in 6 h) and 205 equilibrium conversion (83 ± 6.1 %) compared to unmodified whole-cell catalyst at 37 °C.
206
Rate of production was further increased by modifying the whole-cell catalyst through SDS 207 permeabilization to achieve 59 ± 3.5 % conversion in 6 h, ultimately reaching a similar 208 equilibrium conversion of 85 ± 6.7 % as unpermeabilized cells. Thus, permeabilized, cell-209 encapsulated LAI overcomes the three reaction limitations by supporting greater thermal 210 stability, higher equilibrium conversion, and faster reaction rates than possible by a free 211 enzyme system.
213
While an increasing number of enzymes are being used for biocatalysis, poor stability 215 under reaction conditions, and unfavorable kinetic properties toward non-native substrates 216 can limit their utility toward biosynthetic functions. Further, for certain classes of enzymes 217 like isomerases, transglycosidases, and lyases, limitations of endergonic or mild exergonic 218 thermodynamics are additional hurdles to economical processes. D-Tagatose synthesis from 219 D-galactose using the enzyme LAI (L-arabinose isomerase) suffers from all three of these 220 limitations. Our results confirm the presence of all three limitations (stability, 221 thermodynamic, kinetic) during enzymatic conversion of galactose to tagatose using the 222 acid-tolerant mesophilic LAI from Lactobacillus sakei (LsLAI). At low temperatures (37 223 °C), the enzyme is stable and quickly reaches equilibrium. However, the product titer is low 224 due to low equilibrium conversion (36 − 39 %) at low temperatures (this study and 225 previously reported 32 ). At elevated temperatures (50 °C), the initial reaction rates are 226 faster, but the enzyme quickly inactivates and is unable to realize the higher conversion and 227 product titer possible at this temperature. These limitations of LAI for tagatose synthesis 228 have been realized previously, and each issue has been addressed individually. While some 229 successes have been reported, especially by selecting or engineering enzymes with more 230 desirable properties 4, 11, [35] [36] [37] [38] , this is the first study to address and overcome all three issues 231 simultaneously.
232
LAI display on Bacillus subtilis endospore surface has shown to improve thermostability 233 while maintaining free enzyme-like kinetic properties 19 . Therefore, this approach addresses 234 the stability limitations but not the thermodynamic issue. To assess whether cell surface display on L. plantarum could improve stability of LsLAI, we tested six previously reported anchor proteins and found there was no correlation linking whole-cell activity and 237 surface display level/accessibility. We showed evidence for presence of cytoplasmic 238 LsLAI-anchor fusions and concluded that enzymatic activity seen was largely due to this 239 active fraction and that the enzyme displayed on the surface was largely inactive. When we 240 tested secretion constructs (i.e., LsLAI with secretion signal but no anchor), we found 241 similar results, suggesting that LsLAI cannot fold extracellularly upon secretion through 242 this pathway and that active enzyme accumulated cytoplasmically. This is surprising since 243 there is no precedence for such an observation in literature. L. plantarum utilizes the Sec-244 pathway to secrete proteins 39 and it is generally accepted that translocation occurs co-245 translationally 40,41 ; therefore, for a protein to be active it must fold properly in the 246 extracellular environment. While we detected LsLAI on the surface using flow cytometry 247 and Western blot analysis, we could not correlate display level to activity or subsequently 248 attribute any detectable activity to the displayed protein at all. Our results suggest the need 249 to be cautious when attributing activity of surface displayed proteins, even if they are 250 readily detected. There are other reports of surface displayed enzymes or antigens have 251 shown lack of correlation between surface detection and activity both in-vitro and in-vivo 252 42-44 . We suggest future studies to more directly attribute activity to displayed proteins and 253 not due to presence of active cytoplasmic proteins in whole or lysed cells. We posit that 254 overexpression of surface directed proteins may yield a "back-up" resulting in translation of 255 active protein fusions directly in the cytoplasm. Surface display of LsLAI has been shown 256 before with B. subtilis endospores; however, the construct is assembled on the spore another study that claimed secretion of active LsLAI using Lactococcus lactis 1 . However, 259 closer analysis of the study revealed that measured activity was never attributed directly to 260 culture supernatant. Rather activity was detected either for whole cells or in the elution 261 fraction post-chromatographic purification, which could have allowed for refolding to 262 occur. Thus, we posit that cell-surface display is not a viable option to improve the stability 263 of this enzyme.
264
Cellular or abiotic encapsulation has shown to improve enzyme stability against thermal, 265 pH, solvent, and impurity interactions 24,45 . In the context of tagatose production, whole 266 cells expressing L-AI has also shown to improve conversion by preferentially partitioning 267 substrate and product across the E. coli membrane barrier through active transport 25 ; 268 however, the same was not observed in resting L. lactis cells 46 . Our results demonstrate 269 that encapsulation of LAI in L. plantarum behaves in a manner similar to that in Gram-270 negative E. coli but not Gram-positive L. lactis. That is, the cell membrane preferentially 271 allows passage of galactose to the intracellular space relative to tagatose to aid the forward 272 reaction. A concurrent advantage of the encapsulation was that the enzyme stability was 273 markedly improved. Specifically, while the free enzyme rapidly inactivates at 50 °C, the 274 cell-encapsulated enzyme maintains activity for a prolonged period. Indeed, the resistance 275 to lysis at elevated temperatures is afforded by the thick cell wall of the Gram-positive L. 276 plantarum, as opposed to Gram-negative E. coli, which is known to readily lyse at 50 °C 47 .
277
Thus, while many previous studies have demonstrated the benefits of using whole cells to 278 enhance enzyme stability, this work is the first to show the twofold benefit by combining 279 improved stability with substrate-product partitioning. While the selective membrane circumvents the thermodynamic barrier that limits maximum conversion at moderate temperatures, it imposes a barrier to mass transporta penalty to reaction kinetics. We 282 addressed this issue next.
283
Cell permeabilization using chemical agents like detergents or solvents have been shown to 284 non-selectively increase substrate exchange while maintaining biological cellular 285 components 48,49 , although the exact mechanism of this phenomenon is poorly understood. 286 We used detergents to improve reactant/product transport across the L. plantarum cell 287 membrane without altering its selectivity. In our best-case scenario, sub-micellar 288 concentration of SDS resulted in significant increase in whole cell reaction rates to free-289 enzyme-like rates while still allowing the system to circumvent the thermodynamic barrier 290 to product conversion. Since the conversion was unchanged, we presume that the detergents 291 were not making pores in the cell membrane. Interestingly, permeabilization increased the 292 initial reaction rate in the forward direction 3.8-fold, however the rate of the reverse 293 reaction remained low, indicating that the membrane retained its selectivity ( Fig S3) .
294
Studies with cFDA further confirmed that cytoplasmic components were not "leaking" into 295 the extracellular space and that the cellular integrity was maintained. Thus, substrate and 296 product transport were still likely facilitated through transporters, as in wild-type, untreated 297 cells, which is also consistent with the observation that conversion reaches the same 298 maximum with or without detergent treatment. Since SDS and Triton-X treatment resulted 299 similar outcomes, we believe there are no specific charge-related effects of these 300 detergents, either. Adding SDS to a pure enzyme solution did not alter its kinetic properties, 301 indicating that the detergents do not directly interact with the enzyme in any appreciable manner. However, our study revealed that treatment with SDS removed extracellular-and 303 surface-attached proteins, potentially altering the fluidity of the membrane. It is unclear 304 how removal of surface proteins may further facilitate galactose and tagatose transporter 305 activity (since transport across the membrane is the rate-limiting step in our system), but it 306 does seem to the mechanism though which we achieve enhanced kinetics.
307
Having addressed all three limitations (stability, thermodynamics, kinetics), we found that 308 L. plantarum whole-cell biocatalyst achieved a conversion from of ~ 50 % in 4 h and ~ 85 309 % 48 h in batch process at 50 °C starting with 300 mM galactose. Improved stability is 310 apparent by comparison with the free enzyme system, which quickly inactivates at 50 °C 311 and achieves only 16 % conversion in 48 h. Enhanced equilibrium conversion compared to 312 free enzyme system can be seen at both 50 °C and 37 °C, but especially in the latter, where 313 the free enzyme is more stable but is still able to achieve only 13 % conversion in 4 h and 314 47 % in 48 h. Finally, improved kinetics can be seen compared to unpermeabilized cells 315 where initial reaction rates at 0.5 mM/min compared to 1.6 mM/min in permeabilized cells.
316
This rate is higher than the maximum reaction rates sustainable by the free enzyme for 317 extendable period (initial rate at 37 °C for free enzyme = 0.3 mM/h) due to the ability to 318 operate at 50 °C. This is the among the highest reported productivity (averaging ~ 11.4 319 g/L/h over 48 h) for biocatalytic tagatose production, and the highest conversion reported 320 for a mesophilic enzyme (~85 %) 19, 50 . Although further improvements to conversion may 321 be possible by including borate in the reaction buffer, demonstrated previously, it would 322 also increase purification costs 16, 26, 46 . The productivity and conversion reported here is the 323 highest obtained for a mesophilic LAI under any conditions Further, this system nearly pH 9.5 that required use of Ni 2+ and borate 51 but at 50 °C and without use of toxic metals 326 and salts. Additionally, the system avoids product caramelization, which is known to 327 happen at high temperatures (≥ 80 °C) 18 . Thus, the system described here demonstrates 328 how to overcome three major limitations of enzymatic catalysis (stability, thermodynamic, 329 kinetic) for tagatose production using LAI. We believe that a similar strategy may be 330 applicable to other biocatalytic systems as wellparticularly lyases 52 , translgycosidases 53 , 331 and isomerases 17,25,54,55where free enzyme performance is poor due to stability, 332 thermodynamic, and/or kinetic limitations. To determine the conversion achieved with our balanced system, L. plantarum cells 403 carrying pJRB14Q-LSH (IC2) and wild-type were grown and induced as described pJRB08Q-LSH were grown and induced as previously described. A concentrated cell 475 solution was incubated with 0.05 % SDS in PBS for 30 min at 37 °C before being pelleted.
476
The SDS buffer solution was removed and stored separately. The cell pellet was then 477 washed twice with PBS. A fresh cell solution of the same concentration was prepared in 478 PBS as a control. Both aliquots of cells were then incubated with 10 mg/mL lysozyme for 1 479 h at 37 °C before being lysed via sonication. Sonication was performed using a Branson The optimal concentration of SDS to maximize whole-cell activity was determined. Cells 509 were prepared as previously described. Cell lysate from the equivalent cell density was 510 prepared via lysozyme treatment via sonication as described previously. Permeabilized 511 samples were either incubated with varying concentrations of SDS, or no treatment at room 512 temperature for 30 min. The solution was removed, and the cell pellet washed twice with 513 PBS before enzymatic activity of the whole-cells were measured as described previously 514 using 200 mM of glucose, or galactose, as substrates. Activity was quantified via the 515 CCSAA and normalized to cell concentration as described previously.
516
Cell permeabilization was also tested using carboxyfluorescein diacetate (cFDA) (Sigma- , cells expressing intracellular His6-tagged LsLAI (orange), or cells expressing LsLAI fused to native surface anchor proteins A1-A6 for display (blue) with 10 5 counts per sample. Data is normalized to counts. b) Comparing the amount of tagatose produced in 2 h (hashed) with the percentage of the population with surface detection intensity above that of wild-type "WT" for intracellularly expressed "IC1" or anchor protein A1-A6 (colored). c) Scatterplot of each replicate measurement correlating surface detection vs. tagatose produced. There is no significant correlation between the display level and activity based on Pearson Product Moment Correlation test (Correlation coefficient = −0.395, p = 0.0564). The data are means from three biological replicates. Batch tagatose production over time starting from 300 mM galactose. Encapsulated LsLAI at 37 °C is "PBS-37C" (green), encapsulated LsLAI at 50 °C is "PBS-50C" (pink), permeabilized encapsulated LsLAI at 50 °C is "SDS-50C" (blue), purified free-enzyme LsLAI at 37 °C is "PURE-37C" (orange), and purified free-enzyme LsLAI at 50 °C is "PURE-50C" (purple). Inset shows initial reaction rates. Salient feature are summarized in table. The data are means from three biological replicates. 
